The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. Abstract Laboratory experiments measured the velocity inside a model meadow of submerged, flexible vegetation under 1 and 2 s period waves. The model plant consisted of a rigid stem and strap-like blades, similar to the seagrass Zostera marina and the freshwater eelgrass Vallisneria Americana. The ratio of wave excursion (A w ) to stem spacing (S) determined whether, or not, plant-generated turbulence enhanced the turbulence level within the meadow, compared to bare bed. Specifically, near-bed turbulence was enhanced for conditions with A w /S > 0.5, and for these conditions the turbulence (TKE) normalized by the RMS wave velocity squared, TKE/U w,RMS 2 , increased monotonically with the plant solid volume fraction, /.
Introduction
Freshwater and saltwater vegetation provide a wide range of ecosystem services. Aquatic vegetation protects shorelines by damping waves and storm surge, inhibits erosion by stabilizing the bed, shelters economically important fish, and enhances local water quality (e.g., Barbier et al., 2011; Costanza et al., 1997) . In lakes, rivers and coastal regions, macrophytes are a foundation of the food web and promote biodiversity by creating varied habitat (e.g., Green & Short, 2003; Kemp et al., 2000) . Aquatic vegetation also provides significant carbon storage (e.g., Fourqurean et al., 2012; Greiner et al., 2013) . Many of these ecosystem services depend on changes in water motion associated with the vegetation. For example, by decreasing the near-bed velocity, aquatic vegetation promotes the retention of suspended particles (Fonseca & Fisher, Several previous studies have shown that submerged vegetation can dissipate wave energy (e.g., Bradley & Houser, 2009; Luhar et al., 2017; Mendez & Losada, 2004) , and, for dense meadows, diminish wave orbital velocity (Abdolahpour et al., 2017; Lowe et al., 2005; Luhar et al., 2010) . The interaction between the meadow and waves can also generate a mean current in the direction of wave propagation (e.g., Abdolahpour et al., 2017; Luhar et al., 2010) . Previous studies have demonstrated that flow-vegetation interaction can be a significant source of turbulence within a canopy (e.g., Banerjee et al., 2015; Nepf, 1999; Tanino & Nepf, 2008; Tse et al., 2016) . Stem-generated turbulence has been shown to play a role in sediment mobilization under both unidirectional current (Yang et al., 2016) and oscillatory flow (Tinoco & Coco, 2014) . A better understanding of the turbulence within submerged meadows could thus improve the prediction of sediment mobilization. Pujol et al. (2010) observed that both rigid and flexible meadows sheltered the bed from turbulence generated above the meadow using an oscillating grid in still water. The meadows reduced the near-bed turbulent kinetic energy (TKE) by as much as 60% relative to bare-bed conditions. The damping was enhanced by a decrease in stem diameter and an increase in stem density. Pujol and Nepf (2012) considered how a submerged meadow impacted the TKE generated by a breaking wave. After the breaking event, the TKE dissipated more rapidly above a meadow, compared to a bare channel, and this was attributed to the damping influence of the meadow. However, TKE measured near the bed was roughly twice as high with vegetation as without. The enhancement of TKE by the meadow was attributed to the generation of turbulence within the wakes of individual stems by the wave orbital velocity. Pujol et al. (2013) and Ros et al. (2014) studied small amplitude progressive waves over rigid and flexible canopy models and real vegetation (Ruppia maritima), and they observed that TKE was generally elevated within rigid canopies and diminished within flexible canopies, relative to a bare bed. However, in all cases, the wave excursion (radius of the wave orbital motion) was comparable to or smaller than the stem spacing, indicating conditions with weak wave-plant interaction (see discussion in Lowe et al., 2005) . To complement the previous work, the present study considered wave excursions both smaller and larger than the stem spacing to explore conditions with both weak and strong wave-plant interaction.
While previous studies have provided useful measurements, none have proposed models to predict TKE within a submerged meadow under wave conditions. In this study, a model for TKE proposed and validated for unidirectional current through a rigid emergent canopy (Tanino & Nepf, 2008 , hereafter referred to as TN08) was adapted for wave conditions within a flexible canopy. Within a canopy, vortex generation by individual stems drains energy from the mean flow and converts it to turbulent kinetic energy, so that the rate at which turbulent energy is produced by stem wakes (wake production) is proportional to the rate at which mean flow energy is extracted by canopy drag (e.g., Raupach & Shaw, 1982) . Within a rigid emergent canopy exposed to unidirectional flow, the turbulent kinetic energy budget reduces to a balance between wake production and viscous dissipation (TN08). The rate of viscous dissipation can be represented with the classic scaling, k t 3/2 /l t , in which k t is the turbulent kinetic energy, and l t is the characteristic eddy lengthscale (Tennekes & Lumley, 1972) . Equating the rates of viscous dissipation and wake production, the turbulence intensity within a canopy of rigid stems of diameter d is (equation (2.9) in TN08)
Here u is the streamwise velocity, C D is the drag coefficient, / is the solid volume fraction, m is the stem density (stems per bed area), and d is a scale factor. The overbar,, denotes the temporal averaging operation with a time interval much longer than the time scales of turbulent fluctuation and vortex shedding. The spatial averaging operation, denoted by h i, is defined with an averaging volume that extends over many plants in the horizontal plane, but has infinitesimal thickness in the vertical. For unidirectional current through a rigid emergent canopy of circular cylinders (stems), TN08 identified two regimes defined by the relative size of the stem diameter (d) and spacing between stems (S). For S > 2d, d 5 1.1 and l t 5 d. For S < 2d, d 5 0.88 and l t 5 S. A goal of this study was to explore whether a modified version of the TN08 model could be used to predict turbulence level within a submerged flexible canopy exposed to oscillatory flow. In particular, this study included conditions with wave excursion both smaller and larger than the stem spacing, to explore conditions with both weak and strong wave-plant interaction. The experimental setup and analytical methods are described in section 2. Section 3 describes the velocity and turbulence 
Materials and Methods
The experiments were conducted in a 24 m long, 38 cm wide, and 60 cm deep flume (Figure 1 ) in the Nepf Lab at MIT. Waves were generated by a hydraulically driven, paddle wave maker, which was controlled by a Syscomp WGM-101 arbitrary waveform generator programmed to produce surface waves of a desired amplitude and frequency based on the closed-form solution for paddle motion described in Madsen (1971) .
To reduce wave reflection a 1:5 slope, aluminum beach covered with a 2 inch layer of rubberized coconut fiber was placed at the downstream end of the flume. The wave reflection varied with wave frequency and was between 2% and 16%.
The canopy was constructed using model plants placed in a staggered arrangement in predrilled baseboards. The model plant consisted of a rigid stem and strap-like blades, representative of the seagrass Zostera marina and the freshwater eelgrass Vallisneria Americana. The dynamic and geometric similarities of this model to real grasses have been described in Ghisalberti and Nepf (2002) . Each model plant consisted of six blades of 14 cm length attached with waterproof tape to a 1.7 cm long wooden cylinder with 1 cm overlap. With the tape, the stem diameter was d 5 0.69 6 0.02 cm. Once attached, the free blade length was l b 5 13 cm. The blade width was w b 5 3 mm and thickness was t b 5 0.1 mm. When inserted into the baseboard, the rigid stem (cylinder) extended 1 cm above the bed.
We considered four stem densities and cases with no canopy, matching as closely as possible the same set of wave conditions. The cases are summarized in Table 1 . The S-series has no canopy. Series A, B, C, and D have increasing stem density (m 5 280, 600, 820, and 1,370 stems/m 2 , respectively) and include cases with A w /S > and < 1. With six blades per stem, these corresponded to frontal area per canopy volume a f (5 6mw b ) varying from 0.05 to 0.25 cm
21
, and frontal area index a f l b 5 0.7 to 3.3, which fell within the range observed in the field, a f l b 5 0.3 to 4, as described in Luhar et al. (2017) . Wave period (T 5 1 and 2 s), wave amplitude (a 5 1.0 to 4.2 cm), and water depth (h 5 0.40 to 0.45 m) were chosen to represent shallow water regions with locally wind-driven waves (see discussion in Luhar et al. (2017) ).
For velocity measurements, the model canopy was 2 m long and 0.38 m wide and was located 9.5 m downstream of the wave maker ( Figure 1a) . A 2 m meadow was selected so that the same wave conditions could be generated at the midmeadow measurement point for all meadow densities, without the need to tune the wave maker to offset the impact of wave decay. Instantaneous velocities (u, v, w) corresponding to the streamwise (x), lateral (y), and vertical (z) directions, respectively, were measured using a 3-D Acoustic Doppler Velocimeter (ADV, Nortek Vectrino) with a 200 Hz sampling rate and using a 6 min record at each measurement point. Vertical profiles of velocity were made at midway along the meadow with measurement positions at 1 cm vertical intervals from z 5 1.3 to 25.3 cm above the bed. To keep too many blades from blocking the ADV beams, blades were removed from stems within a 5 cm radius of the measurement position, but the rigid stems were left in the boards, similar to the method described in Luhar et al. (2010) . Since the blades were 13 cm long, the clearing contained some blades, just not the thickness of blades that would have been present without the clearing. Blade motion recorded for these cases.
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For oscillatory flow, the instantaneous velocity can be decomposed into three parts using a phaseaveraging technique
in which U c is the time-averaged velocity, U w is the unsteady wave velocity, and u 0 is the turbulent velocity fluctuation, and similarly for v and w. Spikes in the velocity record were removed using the acceleration threshold method described in Goring and Nikora (2002) . The despiked velocity was segmented into individual wave periods by fitting the streamwise (u) velocity to a fourth-order harmonic sine curve and identifying each upward zero crossing of the velocity as the start of a wave. As a quality control, particular waves periods were selected for phase-averaging only if the measurement count within that period, N i , was within 2.5% of the average measurement count for all periods (N). This left more than 300 and more than 150 wave periods, respectively, for the phase-average analysis of the 1 and 2 s waveforms. The phase-averaged velocity, denotedũ u ð Þ;ṽ u ð Þ;w u ð Þ ð Þ , was defined as the average over all periods in a given phase (u) bin. The time-averaged velocity was calculated as:
and similarly for v and w. The wave velocity was defined as the root mean square (RMS) of the phaseaveraged velocity, i.e.,
Linear wave theory predicts
in which a is the wave amplitude, x is the wave radian frequency, k is the wave number, h is the water depth, and z is the vertical coordinate. The wave amplitude, a, was calculated by fitting the linear wave solution (equation (5)) to the measured U w,RMS at the highest measurement positions in the profile (z 21 cm).
The instantaneous turbulent fluctuations were defined as the deviation of instantaneous velocity, u, from the phase-averaged velocity,ũ. The RMS fluctuations within each phase bin (u rms , v rms , w rms ) were used to estimate the turbulent kinetic energy in that phase bin, 1/2(u rms 2 1 v rms 2 1 w rms 2 ), and the time-averaged turbulence, TKE, was defined as the average across all phase bins,
The noise in the ADV measurement, which could make erroneous contributions to the measured TKE, was determined using a measurement in still water (0.18 cm 2 /s 2 ).
The wave surface displacement, g(t), was measured at the same longitudinal position as the ADV using a wave gauge with 0.2 mm accuracy and 1,000 Hz sampling rate. The phase-averaged wave form,gðuÞ, was determined using a phase-averaging method similar to that used for velocity. The variation in amplitude between individual waves, normalized by the average amplitude, D%g, estimated the contribution of amplitude variation to measured TKE
in which g rms (u) was the RMS variation in surface position between individual waves within a specific phase (u) bin, and g w,RMS was the RMS of the phase-averaged surface position,gðuÞ. Based on (7), there was less than 1% variation between waves in all cases, and the contribution of this variation to the measured TKE (5 ffiffi ffi 2 p D%g) was less than 1.4% of TKE.
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To assess the stem-scale variation in wave velocity within the meadow, the velocity was measured at z 5 1.3 cm above the bed along a lateral transect ( Figure 2 ). The lateral transect was midway between stem rows and spanned four stems. Both wave velocity and turbulence level varied with position relative to the nearest stem, with 5% and 15% deviation, respectively, from the laterally mean. Similarly, a longitudinal transect measured in the line with a stem and spanning from one stem diameter to the next stem row showed that U w,RMS varied by just 2% and TKE varied by 18% from the mean. These data suggest that under short (2 s) wave conditions a single point measurement can be a reasonable estimate for canopy-average values. Lateral transects spanning three stems (dashed line in Figure 2c ) were repeated at z 5 1.3 cm for all cases, and vertical profiles (z 5 1.3 to 25.3 cm) were measured at a position one-eighth the distance between two adjacent stems of the same row (marked as a cross in Figure 2c ), where the local U w,RMS and TKE represent the lateral mean. Vertical profiles without the meadow (Figures 3a-3c ) were also measured at the same point.
For cases C1 to C6 (m 5 820 stems/m 2 and T 5 2 s), the blade motion was captured using a Canon 80D DLSR camera. To distinguish the motion of individual blades, one of the plants midway along the meadow was constructed with black blades to contrast with the white blades in the rest of the meadow. The camera was mounted on a tripod and recorded through the side of the flume at 30 frames per second. The videos were processed in MATLAB. A trace of the blade motion over the wave cycle was constructed by summing 30 images spaced evenly over one wave period. Thresholds for the red-green-blue (RGB) pixel intensity were adjusted to enhance the contrast between the black and white blades. The blade excursion, A b , at a specific vertical height was defined as the distance between the blade position at the wave crest and trough (yellow arrows shown in Figures 4a and 4d) . In a separate visualization experiment, fluorescein dye was used to visualize the stem-generated turbulence. Dye was injected from a horizontal needle with its tip located 0.5 cm above the bed and just upstream of one stem. A UV light was positioned above the flume to excite the fluorescein, and the tracer trajectory was imaged through the side of the flume ( Figure 5 ).
Wave decay was measured for the B series with m 5 600 stems/m 2 (Table 1 ). An accurate estimate of wave decay required a meadow length of at least 1.5 wavelengths, so that for these measurements the meadow length was increased to 7 m, which corresponded to 1.9 times the wavelength k. The leading edge of the meadow was located 6.4 m downstream of the wave maker. A wave gauge measured the water surface displacement, g(x, t), at 10 cm intervals along the entire length of the meadow (x 5 0 to 700 cm). At each x position, the water surface displacement was measured at 1,000 Hz for 60 s (30 waves), and the RMS wave amplitude, a rms , was calculated from the RMS of the phase-averaged surface height, g w,RMS , i.e.,
Because the waves were slightly asymmetric, there was a 10-20% difference between a rms and the wave amplitude, a, calculated by fitting the linear wave solution to the measured U w,RMS . The wave energy dissipation rate, E D , was estimated from the variation in a rms measured along the canopy (Dalrymple et al., 1984) ,
in which E (5 1 =2qga rms 2 ) is the wave energy per surface area, c g (5 k/T for shallow water waves) is the wave group velocity, which describes the propagation of wave energy, q is the water density, g is the gravity, and h dmax is the maximum deflected height of canopy.
Results and Discussion
Velocity Measurements
To set a base line, conditions without vegetation were considered first. Vertical profiles of time-mean velocity (U c ), RMS wave velocity (U w,RMS ), and TKE without vegetation are shown in Figures 3a-3c . These figures . The three meadow cases (C1, C3, and C5) have the same wave settings as the corresponding cases with a bare bed (S1, S3, and S5). The dashed lines in Figures 3b and 3e show the RMS velocity from linear wave theory. In Figures 3d, 3e , and 3f, the colored horizontal lines indicate the maximum canopy height, h dmax , over the wave period for C1 (red), C3 (green), and C5 (blue). The weak spot of the ADV occurred at z 5 10.3 cm, and data at this height were excluded from all profiles.
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compare three wave amplitudes: a 5 1.3 cm (circle), a 5 2.1 cm (triangle), and a 5 3.1 cm (square), all with wave period T 5 2 s. For each case, the time-averaged velocity was negative and vertically uniform ( Figure  3a) , which was consistent with a return current generated by the surface setup associated with the waveinduced Lagrangian mass flux (Fredsøe & Deigaard, 1992) . The vertical distribution of RMS wave velocity followed linear wave theory to within 3.5% (dashed curves in Figure 3b ). The TKE decreased gradually from the water surface to the bed (Figure 3c ), a trend that was also observed by Pujol et al. (2010) . Figures 3d-3f show the same three wave conditions over a meadow with stem density m 5 820 stems/m 2 .
The time-mean velocity, U c , was altered by the meadow (compare Figures 3a and 3d ). For the two larger amplitudes (C3 and C5), a positive mean current was generated within the meadow. As described by Luhar et al. (2010) and Abdolahpour et al. (2017) , a time-mean current in the direction of wave propagation can be generated by the interaction of the wave velocity with the canopy drag. For case C1, the wave excursion, A w (5 U w,RMS T/(2p)), was too small to generate a significant current. As discussed in Luhar et al. (2010) , the ratio of wave excursion (A w ) to stem spacing, S (5 m 21/2 ), must exceed one to generate a significant mean current, whereas A w /S 5 0.53 for case C1. The measured RMS wave velocity followed linear wave theory above the canopy and with some reduction within the canopy. As described in Lowe et al. (2005) , a reduction of wave velocity within canopy can arise from drag and inertial forces exerted by the canopy elements. For wave excursions comparable to or smaller than the stem spacing, the wave orbital velocity is reduced by the factor a 5 (1 2 /)/(1 1 (C m 2 1)/), with C m the added mass coefficient, which accounts for inertia that must be added to the fluid because it must be accelerated to get around the plant element. values of C m have been shown to depend on the KC number, with values between 1 and 2 over the range of KC (5 5 to 60) present in our experiments (e.g., Keulegan & Carpenter, 1958) .
Because the wave velocity responds to the local solid volume fraction, the removal of blades to allow the transit of ADV beams may impact the measured RMS wave velocity within canopy. Using the stem solid volume fraction, which is the maximum / in the meadow, and the maximum expected C m 5 2, the greatest velocity reduction for the meadow density shown in Figure 3 would be a 5 0.94. That is, the removal of blades might result in a 6% overprediction of meadow wave velocity. For the highest meadow density (1,370 stems/m 2 ), the measured wave velocity was reduced by the factor a 5 0.94, which agreed with the prediction (a 5 0.91).
For cases C3 and C5, the meadow exhibited a mean pronation in the direction of wave propagation, and individual blade motion was asymmetric, with larger deflection in the direction of wave propagation. The maximum canopy height over the wave cycle, h dmax , shown with horizontal lines in Figure 3 , was 7 and 5 cm for cases C3 and C5, respectively. This was significantly less than the undisturbed canopy height (14 cm). The time-mean current likely contributed to the pronation of the meadow (Figure 3d ). Equation (4) in Luhar and Nepf (2013) describes the reconfiguration of a flexible blade due to a steady current. Based on that equation, the measured maximum current, U cmax 5 3.6 and 2.0 cm/s, would produce a deflected canopy height of 10.2 and 7.1 cm in C3 and C5, respectively. These values were larger than the observed canopy heights (7 and 5 cm), indicating that deflection by the mean current did not fully explain the observed pronation. Recent numerical simulations have shown that a single flexible blade interacting with a linear wave can exhibit asymmetric blade motion, due to the contribution of the vertical wave velocity on the blade posture (see Figure 52 in Gijon Mancheno, 2016; Figures 7 and 8 in Luhar & Nepf, 2016) . Since a single blade cannot generate a mean current, the blade asymmetry noted by these authors must result from the kinematics of the blade motion. In the present study, it was likely that a combination of pronation due to the mean current and asymmetric interaction between the wave and individual blades both contributed to the mean deflection of the meadow.
For the cases with a meadow, the TKE profile had two regions separated at roughly z 5 4 cm (Figure 3f ). Above z 5 4 cm, TKE was close to being vertically uniform, and between 4 and 15 cm the TKE was elevated above that observed for the bare channel (Figure 3c ). The TKE increased with wave amplitude. For a 5 1.2, 2.2, and 3.2 cm (C1, C3, and C5), the TKE with a meadow was 23%, 61%, and 81% larger than the corresponding bare-bed case (S1, S3, and S5, respectively). Above z 5 15 cm, the TKE was comparable in the channels with and without vegetation. Finally, in the region z < 4 cm within a meadow, the TKE increased toward the bed for the two cases with higher wave amplitudes (C3 and C5). Importantly, in this region of the meadow, the blade motion was smallest and directly at the bed the stem was completely rigid, both of which maximized the relative velocity between the plant and water. For example, Figure 4 shows blade postures for C3 and C5 over one wave cycle. The rigid stem (z < 1 cm) was stationary. Just above the stem, there existed a blade bundle that extended vertically about 1 cm above the stem and which also remained nearly stationary in the oscillatory flow. This part of the model plant mimics the sheath of real seagrasses, i.e., the basal region of the plant where individual blades are bundled together. Because the meadow elements were stationary in this region, the relative motion was the largest, generating strong wakes and turbulence. Above the bundled blade region, the blades moved with the wave, but over a horizontal distance smaller than the wave orbital diameter (2A w ). The ratio Figure 5 . Visualization of vortices forming behind an individual stem for cases (a) B1, (b) B3, and (c) B5, with m 5 600 stems/m 2 . Fluorescein dye was injected from a horizontal needle visible at lower left edge of image. Waves propagated from left to right. Images were extracted from a video at the moment the blades achieved their maximum streamwise excursion. For a staggered array, stems align every other row, so the streamwise spacing between aligned stems (S x ) is twice the row spacing. Here S x 5 6.8 cm and the row spacing was 3.4 cm. The mean stem spacing S 5 m 21/2 5 4.1 cm.
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A b /(2A w ) is an indicator for the magnitude of relative motion between the blades and water. The ratio A b / (2A w ) increased with distance from the bed (see subplots in Figures 4a and 4d) , indicating decreased relative motion and thus smaller turbulence generation in the upper part of the canopy.
Turbulence in Stem Region
The region z 5 0 to 2 cm will be referred to as the stem region, including the rigid stem that extended 1 cm above the bed and the bundled region of the blades, which extended roughly 1 cm above the stem. Because this region of the plant was effectively stationary (Figure 4 ), the wake dynamics were similar to those of a rigid cylinder in oscillatory flow, which are governed by the Keulegan-Carpenter number, KC 5 (U max 2 U c )T/d, with U max the maximum phase-averaged velocity (Sumer et al., 1997) . For KC < 6, no vortex shedding will occur. Tracer visualization of fluid motion near the stem was used to demonstrate the presence of vortex shedding ( Figure 5 ). For case B1, for which KC 5 15, one vortex was shed by the stem in each half-period, corresponding to the single-pair regime of Sumer et al. (1997) . For this case, the wave excursion (A w 5 1.7 cm) was smaller than the mean stem spacing (S 5 m 21/2 5 4.1 cm). Consistent with the small wave excursion, the shed vortex, visualized with the tracer, remained near the stem, and specifically did not cover the distance to the next downstream stem row (Figure 5a ). With an increase in wave amplitude, the vortex shedding became more intense, producing greater mixing of the tracer. This is seen in case B3 (KC 5 27) and B5 (KC 5 47). In addition, the longer wave excursions (A w 5 3.1 and 5.7 cm, respectively) carried the tracer a longer distance from the stem (Figures 5b and 5c , respectively). Stem-generated turbulence can be distributed over the entire canopy when A w /S > 1. Figure 6 shows the phase-averaged velocity and TKE as a function of phase angle, u, measured at z 5 1.3 cm in case C6. The stem-generated turbulence was not uniformly distributed over the wave cycle. In each half-period (u 5 08 to 1808 and u 5 1808 to 3608), there was a turbulence peak (i.e., 1/2(u rms 2 1 v rms 2 1 w rms 2 ) > 10 cm 2 /s 2 ) appearing just after the maximum velocity, u 5 1008 to 1608 and u 5 2508 to 3008, respectively. The turbulence peak in the first half-period (crest) was higher and of longer duration than that in the second half-period (trough). This was due to the asymmetry in the wave velocity associated with the asymmetry in wave shape, with a steeper crest and broader trough, and also to the addition of the wave-induced mean current, which enhanced the total velocity under the crest and depressed it under the trough.
In the stem region, the measured TKE increased with increasing wave velocity and increasing stem solid volume fraction, / s 5 mpd 2 /4 ( Figure 7 ). Specifically, above a threshold of U w,RMS 2 20 cm 2 /s 2 , TKE increased monotonically with the wave velocity squared, U w,RMS
2
, for each / s (Figure 7a ). When U w,RMS 2 < 20 cm 2 /s 2 , measured TKE was comparable to the bare-bed cases, implying that the stem wakes did not contribute significantly to near-bed turbulence under low-wave conditions. Two factors contributed to this: First, there was no vortex shedding when KC < 6 (Sumer et al., 1997) . Second, for KC > 6, vortex shedding occurred, but if A w /S < 1, the shed vortices remained close to the stem. The cases below the threshold U w,RMS 2 < 20 cm 2 /s 2 fell in the regime of 5 < KC < 20 and A w /S < 1.
Under this range of conditions, the stem wakes did not contribute significantly to near-bed turbulence, or the contribution was isolated to a region close to the stem, due to the small wave excursion relative to stem spacing. When U w,RMS 2 > 20 cm 2 /s 2 , for which the wakegenerated eddies could be distributed over the full canopy volume, the linear trend between TKE and U w,RMS 2 was consistent with the trend expected from TN08 model (equation (1)).
To adapt the TN08 model to the oscillatory flow conditions considered here, the time-mean velocity ( u) was replaced by the wave velocity, U w,RMS . In all cases considered the stem spacing, S, was greater than 2d, so l t 5 d (TN08). With these adjustments, equation (1) can be written
in which d 1 was a new scale constant for the stem region under wave conditions. In oscillatory flow, C D depends on KC, and was chosen here based on previous studies of cylinders in oscillatory flow (Keulegan & Carpenter, 1958 ). For the cases tested in this study, KC varied from 5 to 60, but only conditions with KC 5 20 to 60 produced significant near-bed turbulence (see discussion of Figure 7a ). Within this range, C D 5 1.4 is an appropriate mean value (Keulegan & Carpenter, 1958) . The scale coefficient, d 1 , was determined by fitting the TKE 1/2 to (C D md 2 /(2(1 2 / s ))) 1/3 U w,RMS for cases with KC 20, assuming an intercept of zero. As shown in Figure 7b , the best-fit line yielded d 1 5 0.76 6 0.02 (95% confidence limits). This was smaller than TN08's value for unidirectional current (d 5 1.1). The smaller coefficient for wave conditions may be explained by the temporal variation through the wave cycle, illustrated in Figure 6 . Figure 8 shows the measured TKE normalized by the model k t (equation (10), with d 1 5 0.76), plotted against A w /S. The observed TKE fit the model for A w /S > 1, whereas the model overpredicted the measured turbulence for A w /S < 1. For A w /S > 1, the wave orbital excursions were large enough to ensure that the full canopy volume was influenced by the stem-generated turbulence ( Figure 5 ). In contrast, when A w /S < 1, only the water parcels nearest the stems interacted with stems, and for very small A w /S, no vortices were generated.
Turbulence in Blade Region
The blade region was defined from the top of the stem region to the top of the canopy, i.e., over the vertical distance z 5 2.3 cm to the maximum deflected height of canopy (h dmax ). Over this region, the blades moved with the waves. To adapt the TN08 model to the blade region, the blade geometry must be carefully considered. First, with six blades per stem, the blade density (blades per bed area) was m b 5 6 m. Second, the solid volume fraction in the blade region was / b 5 m b l b w b t b /h dmax . The ratio of blade length (l b ) to deflected canopy height (h dmax ) corrected for the compression of the blade region, which increased the solid volume fraction. Third, the blade width (w b ) replaced the stem diameter (d) as the relevant lateral dimension for the frontal area and vortex scale. Fourth, the spacing between blades was estimated as
, which assumed erect blades, and so overestimated the spacing for the deflected canopy. S b varied from 1.1 to 2.4 cm, which was larger than w b (0.3 cm). Therefore, following the TN08 study, l t 5 w b was assumed in the blade region. Applying these adjustments to equation (1) Figure 7 . (a) Measured TKE plotted against the wave velocity squared, U w,RMS 2 , with measurements made in the stem region (z 5 1.3 cm). Gray dots are bare-bed conditions. (b) TKE 1/2 measured at z 5 1.3 cm plotted against the model prediction (equation (10) 
The blades had a flat geometry, similar to a rectangular slat, for which C D 5 1.95, as suggested by Luhar and Nepf (2016) based on Keulegan and Carpenter (1958) . Scale constant in the blade region was determined to be d 2 5 0.44 6 0.01 (95% CI). Figure 9 compares the TKE measured in the blade region with the model value, k t , predicted using the wave velocity measured in the blade region. The measured and modeled values fall along the 1:1 line, indicating that the turbulence model gives a good estimate of the measured TKE. Recall that in the stem region, the turbulence model gave a good prediction for A w / S > 1, but overpredicted the measured TKE for A w /S < 1 (Figure 8 ).
Because the blade spacing (S b ) was smaller than the stem spacing (S), in the blade region, the ratio of wave excursion to blade spacing was greater than one (A w /S b > 1) for all cases except case B1 (A w /S b 5 0.7). For this reason, the model k t was a good predictor of the measured TKE for all cases ( Figure 9 ).
The model prediction assumed a single value of C D (5 1.95), based on the blade's flat geometry, and because this value produced good agreement between observed and simulated motion of a single blade (Luhar & Nepf, 2016) . However, previous studies have also suggested the blade drag coefficient is a function of blade reconfiguration. For example, Houser et al. (2015) reported measured C D as a function of blade flexibility and wave properties. They provided an equation for C D as a function inverse Cauchy number, the ratio of plant rigidity to wave drag (see Figure 3 in Houser et al., 2015) . We used the Houser et al. (2015) equation to explore the impact of variable C D on the TKE prediction. However, the inclusion of variable C D did not improve the fit. This may be because the fitted, variable C D reflects the drag on the full, reconfigured blade, whereas in the TKE prediction, the C D need only represent the drag on the part of the blade contributing to TKE production, which is the vertical component of the blade.
Finally, note that the scaling constant (d) would be different for different types of vegetation, specifically depending on the geometry and rigidity of the plant. The generation of turbulence through vortex shedding in the wake of plant elements is controlled by KC and Re (Liu & Nepf, 2016; Sumer et al., 1997) . These two parameters depend on the plant geometry and its rigidity. For example, in terms of geometry, plants with thinner elements (e.g., smaller leaf or stem width) will have lower values of Re and KC, and thus require higher wave velocities to cross the threshold of vortex shedding. In terms of rigidity, more flexible plants can reduce the relative velocity between the plant elements and wave, and also reconfigure into more streamlined shapes that produce weaker wakes. Given these dependencies, one would expect that plants with thicker and stiffer blades (e.g., Posidonia oceanica) would have higher values of d (producing greater TKE under the same wave conditions), compared to plants with thinner or more flexible blades (e.g., Cymodocea nodosa).
Importance of Wave Excursion and Stem Spacing
A comparison with data from Ros et al. (2014) further illustrates the importance of the ratio between wave excursion and stem spacing. Ros et al. (2014) considered both rigid and flexible canopies with small values of A w /S 5 0.04 to 0.46. T. Serra (personal communication, 2017) provided the original TKE measurements from Ros et al. (2014) . TKE measured in the rigid stem region (z 5 1.3 cm) of the present study and at z 5 5 cm in Ros et al.'s (2014) fully rigid canopy are plotted against A w /S in Figure 10a . For A w /S < 0.5, the stem-generated turbulence was comparable to the values measured for bare bed, indicated with the horizontal dashed line. The shaded region around the dashed line indicates the range of values measured for bare bed across all conditions. For A w /S > 0.5 measured TKE increased with A w /S, reaching values several times greater than the bare bed. All of the Ros et al. (2014) data fell in the range of wave conditions for which measured TKE within the rigid canopy were comparable to bare bed values. For the Ros et al. (2014) experiments KC < 6 suggesting that vortex shedding was absent, so that no augmentation from wake production was expected. 
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10.1002/2017WR021732 Ros et al. (2014) also considered flexible and real canopies, measuring TKE at z 5 5 cm, which corresponded to the blade region in our study. These data are plotted together in Figure 10b . In the Ros et al. (2014) experiments, the wave excursion was consistently smaller than the blade spacing, S b , so that the contribution from wake production was expected to be small. Ros et al. (2014) noted that TKE was reduced for the flexible and real canopies, relative to the bare bed, and suggested that this was due to the damping of bedgenerated turbulence by the vegetation. By including a wider range of wave conditions, the present study can refine this conclusion. Specifically, in the absence of a significant contribution from wake production (A w /S b < 1), the presence of a flexible canopy damps bed-generated turbulence and reduces the turbulence level within the blade region of the meadow, relative to bare-bed condition, as shown by Ros et al. (2014) and Figure 10b . However, if wake production is active (A w /S b > 1), TKE will be enhanced within the blade region, relative to the bare bed, as shown in Figure 10b .
Wave Dissipation and Turbulence Generation
Waves propagating over a canopy lose energy due to vegetation drag (e.g., Dalrymple et al., 1984) , and in some cases vegetation drag is associated with turbulence generation within plant wakes (e.g., Nepf, 1999) . It is therefore reasonable to expect that meadow TKE, if dominated by plant-wake production, will be related to the wave energy dissipation. The wave energy dissipation rate, E D , was defined in equation (9). Assuming the energy dissipated from the waves was converted to turbulence within the meadow, the rate of turbulence production in the meadow (P) will equal the rate of wave energy dissipation (E D ). Further assuming that the turbulent energy locally cascades to the dissipation scale, the viscous dissipation rate (E) is also equal to E D . Using the viscous dissipation scaling, E hk t i 3=2 l t 21 (Tennekes & Lumley, 1972) , the turbulent kinetic energy, k t , can be related to the wave decay,
The spatial gradient in wave amplitude, d(a 2 rms )/dx, was determined by fitting the slope of the squared amplitude, a rms 2 , versus distance (x) over the 7 m canopy. As an example, Figure 11 shows this fit for case B5. The amplitude modulation observed at half-wavelength intervals (wavelength k 5 3.7 m) was due to constructive interference with the reflected wave. The measured TKE is plotted versus (E D l t ) 2/3 in Figure 12a .
Three canopy regions were considered: the stem region (red circles), the blade region (green circles), and the average TKE over the full canopy height (blue circles). The eddy length-scale l t 5 d was assumed for the stem region and the canopy-average, and l t 5 w b was assumed for the blade region. The maximum deflected heights h dmax 5 12, 8, 7, 6, 5 cm were used for runs B1 through B5, respectively. TKE increased linearly with (E D l t ) 2/3 for each of the three regions. By fitting the slope of measured TKE from the stem region, blade region, and canopy-average, and assuming an intercept of zero, the scale constants were found to be Comparison of the measured TKE to the predicted k t (equation (12)) is presented in Figure 12b . The turbulence was predicted well for the blade region and canopy-average. However, in the stem-region equation (12) overpredicted the measured TKE for the smallest waves (B1, B2, and B3). This can be explained by the ratio of wave excursion to stem spacing. For runs B4 and B5, A w /S > 1, and the full stem region was influenced by the stem wakes. In contrast, for runs B1, B2, and B3, A w /S < 1, and only the water near the stems was influenced by the stem wakes.
The wave dissipation method (equation (12)) for predicting meadow TKE more easily accommodates different morphology, because it requires less information about the meadow, i.e., only the characteristic plant length-scale, l t , and the canopy deflected height, h dmax , and it does not require estimation of a drag coefficient. However, it does require a measurement or prediction of wave decay, which may not be convenient or even possible for very short meadows. The TN08 method (equations (10) and (11)) requires more information about the canopy morphology (m, /, and l t ), as well as an estimate of drag coefficient. For both methods, the scale coefficients are dependent on plant morphology, reflecting the efficiency of energy transfer from the waves to turbulence. For plants with very fine stems and blades, the plant Reynolds number may be too small (<120, Liu & Nepf, 2016) to generate vortex shedding, in which case wave dissipation can occur with little TKE generation (small d). In contrast, for plants with larger stem sizes, smaller waves can surpass this limit, resulting in TKE generation under weaker wave conditions. Because stem-generated turbulence has been shown to play a role in sediment mobilization (Tinoco & Coco, 2014; Yang et al., 2016) , different tendencies for turbulence generation could impact meadow ecology. Meadows producing weak or no turbulence favor the deposition of fine organic matter, which augments nutrient supply for new growth, improves light climate, and facilitates carbon sequestration (Kennedy et al., 2010; Koch, 1994; Moore, 2004; Wang et al., 2015) . In contrast, meadows producing strong TKE favor the removal of fine and organic matter, leading to a sandier substrate, which has the benefit of enhancing oxygen flux into the sediments and decreasing sulfide and ammonium levels (van Katwijk et al., 2010) . As noted in section 3.3, under the same wave conditions, species with thicker and stiffer blades produce greater TKE than species with thinner and more flexible blades. Within a single species, meadows can Figure 11 . The variation in squared wave amplitude, a rms 2 , along the canopy length for case B5. x 5 0 and 700 cm are the beginning and end of the canopy, respectively. a rms was calculated by equation (8) . A linear fit (dashed line) was used to estimate the slope @a rms 2 =@x. Figure 12. (a) Measured TKE plotted against (E D l t ) 2/3 for cases B1 through B5. (b) Comparison between the measured TKE and the model prediction, k t , from equation (12). TKE from three regions was considered: the stem region (measured at z 5 1.3 cm), the blade region (averaged values over z 5 2.3 cm to h dmax ), and the canopy-averaged TKE (over z 5 1.3 cm to h dmax ). The scale constant, d 3 , for each model was determined by fitting the slope of TKE to (E D l t ) 2/3 . The dashed line indicates TKE 5 k t .
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also adjust wave-generated TKE level by adjusting the shoot density (m and m b in equations (10) and (11)). Finally, the area of meadow impacted by wave-generated TKE depends on a trade-off between wave damping and TKE production. More flexible meadows generate less TKE, but the waves and associated enhanced TKE persist over a longer distance into the meadow. More rigid meadows generate higher TKE, but the waves and TKE persist over shorter distance into the meadow, i.e., high levels of wave-generated turbulence at the edge of a meadow provide for the more stable, quiescent conditions at the center of a meadow. The fact that larger meadows are better able to provide this buffer region, which enhances the survival of the interior meadow, may explain why the success of seagrass restoration is correlated with meadow size (van Katwijk et al., 2016) .
Conclusions
Laboratory experiments measured the velocity and turbulence (TKE) within a flexible canopy model under oscillatory flow. In the stem region, where the plants were stationary (or nearly so), the relative motion between the plant and water was maximized, producing the maximum turbulence within the meadow. In the stem region (or within a fully rigid canopy), above a threshold of A w /S 5 0.5 the turbulence was consistently greater than the bare bed, and TKE/U w,RMS 2 increased monotonically with the solid volume fraction, / s 5 (p/4)md 2 . Below this threshold, A w /S < 0.5, TKE remained comparable to the bare bed and independent of U w,RMS 2 and / s . In the blade region, blade motion decreased the relative motion between the plant and the water, producing lower TKE levels than observed near the bed. A turbulence model developed and validated for random arrays of rigid cylinders under unidirectional flow (TN08) was adapted to predict the TKE within both the stem and blade regions of the canopy. The model provided a good prediction for TKE in the stem and blade regions when A w /S or A w /S b , respectively, was greater than 1. Further, the TKE measured within the meadow was directly related to the wave energy dissipation, providing a useful tool for estimating TKE levels from wave decay measurements. Finally, combining the present study with results from Ros et al. (2014) provided a fuller picture of the influence of a submerged meadow on near-bed turbulence, showing that the ratio of wave excursion to stem and blade spacing plays an important role in the turbulence modulation by a canopy. In the absence of significant wake generation (A w /S < 0.5, A w /S b < 1), the presence of flexible vegetation may damp bed-generated turbulence and thus reduce turbulence within the vegetation, relative to bare-bed condition. However, if wake generation is significant (A w /S > 0.5, A w /S b > 1), TKE will be enhanced within the meadow relative to the bare bed.
